Clinical disorders known to affect inherited gamma-amino butyric acid (GABA) metabolism are autosomal recessively inherited succinic semialdehyde dehydrogenase and GABA-transaminase deficiency. The clinical presentation of succinic semialdehyde dehydrogenase deficiency includes intellectual disability, ataxia, obsessive-compulsive disorder and epilepsy with a nonprogressive course in typical cases, although a progressive form in early childhood as well as deterioration in adulthood with worsening epilepsy are reported. GABA-transaminase deficiency is associated with a severe neonatal-infantile epileptic encephalopathy.
Introduction
Succinic semialdehyde dehydrogenase (SSADH) deficiency was identified in 1981 when investigators discovered the previously unrecognized organic aciduria as an inability of the index patient to metabolize the inhibitory neurotransmitter gamma-amino butyric acid (GABA) [1, 2] . GABA is metabolized to succinic acid by the progressive action of GABAtransaminase (GABA-T), which converts GABA to succinic semialdehyde, and SSADH, which oxidizes succinic semialdehyde to succinic acid. It had been suggested by Jakobs et al. [2] that the accumulation of succinic semialdehyde would result in its reduction to 4-hydroxybutyric acid in a reaction catalyzed by 4-hydroxybutyrate dehydrogenase (E.C. 1.1.1.61). The conjecture previously held that eventual diagnosis of SSADH deficiency would be dependent on the availability of autopsied brain tissue. It is now known that transamination of GABA to succinic semialdehyde is followed by its reduction to 4-hydroxybutyrate in the absence of SSADH. This metabolite, also known as gamma hydroxybutyric acid (GHB), is a monocarboxylic fatty acid that accumulates in endogenous fluids of patients with SSADH deficiency. Although the role of GHB is not evident, consideration has been given to its potential as a neurotoxic agent that contributes to the clinical manifestations [3] .
Epstein-Barr virus-transformed lymphoblasts and identification of SSADH activity in peripheral leukocytes allowed Gibson et al. [4] to document SSADH deficiency in patients with 4-hydroxybutyric aciduria. Since then, the development of sensitive fluorometric and isotope dilution mass spectrometric methods have improved diagnostic accuracy [5] . Procedures in clinical identification have been developed which utilize a stable-isotope dilution liquid chromatography-tandem mass spectrometry method for detection of the unstable metabolite succinic semialdehyde in cerebrospinal fluid (CSF) and urine samples [6] .
Consanguinity in many families and gene dosage effects in the parents of affected children have verified that SSADH deficiency is inherited in an autosomal recessive fashion. Advancements in genomics, proteomics and metabolomics have fostered the discovery of the complete SSADH amino acid sequence and its localization to chromosome 6p22 [7] . The genomic structure of the SSADH gene has been identified and the first inherited mutations responsible for SSADH deficiency were recognized by Chambliss et al. [8] in 1998.
Metabolic pathways

The GABA metabolic pathway
GABA was identified by Roberts and Frankel [9] in 1950 and later proposed to be an inhibitory neurotransmitter [10, 11] . A ubiquitous thirty to forty percent of cerebral synapses utilize GABA to facilitate inhibition and it is the brain's major inhibitory neurotransmitter; only the excitatory neurotransmitter glutamate surpasses GABA concentrations in the central nervous system. L-glutamate is converted into GABA via glutamate decarboxylase (GAD). The conversion of GABA to succinate is facilitated by the synchronous activity of SSADH and GABAtransaminase as GABA-T metabolizes GABA into succinic semialdehyde, which is rapidly metabolized to succinic acid and then enters the tricarboxylic acid cycle (Figure 1 ). Through the transamination of alpha-ketoglutarate, the closed loop of this process returns to glutamate and its conversion to GABA via GAD.
The transamination of GABA to succinic semialdehyde requires the presence of alphaketoglutarate to accept the amine group, a process that restores glutamate. The pool of neurotransmitters is continuously replenished as each mole of GABA converted to succinate yields one mole of glutamate [12] .
In an ancillary loop known as the glutamine-glutamate shuttle, GABA is taken up by glial cells and, in the absence of GAD, is converted to glutamine via glutamine synthetase. Glutamine is returned to the neuron and is converted back to glutamate via glutaminase, thus completing the loop and conserving the supply of GABA precursor.
Deficiencies in SSADH and GABA-T can severely disrupt the GABA metabolic pathway [13] . Homocarnosinosis has been proposed in a single case, an enzyme defect has not yet been conclusively proven, and this may represent carnosinase deficiency [14] .
SSADH deficiency
SSADH deficiency is associated with early hypotonia and developmental delays, later expressive language impairment and obsessive-compulsive disorder, nonprogressive ataxia, hyporeflexia, and epilepsy (in about half of patients, sometimes severe). In the absence of SSADH, accumulation of GABA and its metabolite, GHB, indicate the diagnosis of SSADH deficiency. SSADH deficiency has been identified in hundreds of persons worldwide and homozygous or compound heterozygous mutations are found in the aldehyde dehydrogenase 5 family, member A1 (ALDH5A1) gene in nearly all families sequenced. In at least 10% of cases, there is a more severe phenotype with developmental regression, myoclonic seizures, and extrapyramidal manifestations in the first year of life. There has also been increasing recognition of worsening epilepsy in adults.
GABA-T deficiency
GABA-T deficiency is associated with severe neonatal/early infantile epileptic encephalopathy and growth acceleration. The diagnosis may be detected using magnetic resonance spectroscopy with specialized editing for GABA or CSF analysis of GABA concentrations. GABA-T deficiency has been confirmed in two unrelated patients and an older sibling of one of these patients, who died at the age of 1 yr.
Biochemical characteristics
SSADH is a mitochondrial protein in the ALDH5A1, gene/locus MIM number 610045, MIM phenotype 271980. SSADH locates to the ALDH5A1 gene at chromosome 6p22.3 and the product of SSADH is succinic acid. 4-aminobutyrate aminotransferase is a mitochondrial protein, OMIM 137150, correlating to OMIM phenotype 613163. GABA-T locates to the 4-aminobutyrate aminotransferase (ABAT) gene at chromosome 16p13.2 and the product of GABA-T is succinic semialdehyde.
Pathophysiology of SSADH and GABA-T deficiencies
A murine model of SSADH deficiency was developed by Gibson et al. [15] via gene targeting. The ALDH5A1−/− mouse developed status epilepticus and died between postnatal days 20-26. This model has offered numerous opportunities for researchers to rethink the pathophysiology of inborn errors of metabolism in general and SSADH deficiency in particular [16] . In clinical cases of severe SSADH deficiency, seizures progress from absence to tonic-clonic to lethal status epilepticus, a sequence of progression also seen in ALDH5A1−/− mice [17] [18] [19] [20] . Flumazenil-positron emission tomography and transcranial magnetic stimulation studies have shown evidence of GABA-dependent down-regulation of GABA-A and GABA-B receptors in animal studies as well as patients [21, 22] . Because lethal status epilepticus is known to occur during the weaning period of newborn mice, and dam's milk has a high content of taurine, this sulfonated amino acid was studied and associated with extend lifespan in the affected mouse. Additional agents which increased lifespan were the GABA-T inhibitor vigabatrin, the GABA-B receptor antagonist 3-aminopropyl (diethoxymethyl) phosphinic acid (CGP-35348), and the high-affinity GHB receptor antagonist NCS-382 [23, 24] , as well as a 4:1 ketogenic diet [25] . The GHB receptor antagonist 6,7,8,9-tetrahydro-5-hydroxy-5H-benzocyclohept-6-ylideneacetic acid (NCS-382) afforded maximal life extension for ALDH5A1−/− mice, providing evidence for a role of GHB in the pathophysiology. However, Mehta et al. [26] found no alterations in GHB receptor number, binding affinity and expression in ALDH5A1−/− brain sections. On the other hand, high-dose GHB (as found in the SSADH-deficient brain) activates a specific subset of GABA-B receptors [27] .
Aside from accumulation of GABA and GHB, other metabolic disruptions that may contribute to the pathophysiology of SSADH deficiency include accumulation of succinic semialdehyde and 4,5-dihydroxyhexanoic acid, and the presence of disrupted glutamine homeostasis [28, 29] . Enhanced oxidative stress has also been found in ALDH5A1−/− mice [30, 31] . The mammalian target of rapamycin (mTor) receptor has been shown to be activated through increased GABA inhibited selected autophagic processes in yeast, including mitophagy and pexophagy [12] . These GABA-ergic effects were confirmed by significantly enhanced mitochondrial numbers in both the brain and liver of ALDH5A1−/− mice, associated with increased biomarkers of oxidative stress.
The early lethality of the SSADH deficiency mouse model is useful in investigations of potential pharmacotherapies. Based on the above studies, rapamycin (sirolimus), an inactivator of mTor, may mitigate the effect of increased GABA on mTor and provide a new therapeutic consideration for SSADH deficiency and potentially GABA-T deficiency. Vigabatrin will reduce levels of GHB, as shown in CSF [28] of treated patients, but may exacerbate the effects of GABA in oxidative damage.
In GABA-T deficiency, the concentration of free GABA in CSF was 60 times higher in the index case than in controls [32] and 16 times higher in the second confirmed (unrelated) case [33] . The index case of GABA-T deficiency was identified through liver biopsy (15% of normal GABA-T activity) [34] . The second confirmed case also had diminished GABA-T activity but not as severe as in the index case [33] . In central nervous system tissue, high levels of GABA and possibly beta-alanine may be causative of the encephalopathy of GABA-T deficiency. Unlike in the case of SSADH deficiency, elevated homocarnosine is not likely the cause of the neurological picture in GABA-T deficiency, as a clinically normal adult with much higher CSF homocarnosine levels than seen in the index case has been reported [35] . The finding of growth acceleration in GABA-T deficiency may be related to a stimulating effect of GABA on the release of growth hormone [36] .
Clinical characteristics
SSADH deficiency
SSADH deficiency is an autosomal recessive disorder with an onset of symptoms at a mean age of 11 mo (range 0-44 mo) [37] . A slowly progressive or static encephalopathy results with some patients showing regression, although early-onset cases may result in more severe sequelae, with extrapyramidal signs and death in infancy [38] . Typical signs are developmental delay, hypotonia, hyporeflexia, and ataxia [39] . Moderate to severe cognitive delays are most prominent as language deficits [39] . Epilepsy arises in half of patients, usually as generalized tonic-clonic seizures although sometimes absence and myoclonic seizures occur [40] . Electroencephalography (EEG) shows background slowing and spike-and-wave discharges, usually generalized. Basal ganglia signs may be present, including choreoathetosis, dystonia, and myoclonus. Neuropsychiatric problems are often disabling and affect more than two-thirds of patients. These include attention deficit hyperactivity disorder and aggression in early childhood, and anxiety and obsessive-compulsive disorder in adolescence and adulthood [41, 42] . Other behavioral signs include self-injurious behaviors, autistic behaviors, and hallucinations. Sleep disturbances are common, including difficulties with initiating or maintaining sleep [43, 44] . Polysomnography shows prolonged latency to stage rapid eye movement (REM), decreased percentage stage REM sleep, and decreased mean sleep latency on diurnal multiple sleep latency testing, consistent with excessive daytime somnolence associated with decreased REM sleep [45] .
Magnetic resonance imaging (MRI) of the brain shows increased T2 and fluid attenuated inversion recovery hyperintense signal, usually bilaterally and symmetrically, in the globus pallidi, cerebellar dentate nuclei, subthalamic nuclei, subcortical white matter, and brain stem. Cerebral and cerebellar atrophy have also been noted. Magnetic resonance spectroscopy shows an enlarged glx peak consistent with increased endogenous GABA in brain parenchyma.
The following tables summarize data on common clinical features, seizure categories, and EEG information obtained from n=111 patients enrolled in a clinical registry. Developmental delay is the most prevalent presentation. Common features include intellectual disability, behavior problems, and hypotonia (Table 1) . We report on a patient cohort consisting of 43% males and a mean age of 16 yr (range 0.3-63 yr). The mean age when symptoms first appeared was 11 mo (range 0-44 mo) and the mean age at diagnosis was 4.34 yr, although some individuals were not diagnosed until 25 yr of age or later. More than half of patients exhibit some form of seizure activity; a majority of whom develop epilepsy, usually with generalized tonic-clonic and atypical absence seizures (Table 2) . Many patients display sporadic but recurrent episodes of generalized convulsive status epilepticus and as such, the epilepsy may be difficult to control. EEG findings revealed a near-even distribution of patients presenting with normal to abnormal EEG outcomes which include background slowing, epileptiform abnormalities (most frequently generalized but sometimes multifocal), and occasionally photosensitivity and electrographic status epilepticus of sleep (Table 3) .
GABA-T deficiency
Deficiency in GABA-transaminase has been detected in one index sibship and one additional patient [46] . The index case was a female in whom the disorder was confirmed enzymatically; an older brother died at 1 yr of age after displaying similar symptoms, but the disorder was not confirmed at that time. The third patient was a confirmed case from an unrelated family [33] . Rarity of the disorder may be due to in utero death or the infrequency of recessive alleles, but diagnosis is likely impeded by the general lack of availability of CSF testing for GABA concentrations. The phenotype appears much more severe than that associated with SSADH, perhaps correlated with the higher intracerebral accumulation of GABA. An ''induced'' model of GABA-T deficiency exists in the pharmacotherapy of infantile spasms using vigabatrin (gamma-vinyl-GABA) [47] .
The index family with this disorder exhibited neonatal seizures, lethargy, hypotonia, hyperreflexia, poor feeding, severely impaired psychomotor development, and a highpitched cry [13, 32, 36, 48] . Circumference of the head grew rapidly in the index's sibling, up to the 97th percentile, while the index patient's head circumference was at the 75th percentile and her linear growth over the 97th percentile at the age of 2 yr. Her visual, auditory and somatosensory evoked potentials were absent at that age.
Computed tomography of the brain in both patients from the index family showed severe ventricular enlargement and increased cisternal and sulcal spaces. Neuropathologic examination of the index patient's sibling revealed a spongiform quality of the white matter in cerebral hemispheres, cerebellum, and brainstem; there was poor or absent myelination in the white matter of the gyri [34] .
In the second confirmed (unrelated) case of GABA-T deficiency, symptoms manifested at 7 mo of age with hypotonia, developmental delay, hyperreflexia, and myoclonias. Several anti-epileptics were unsuccessful at controlling the seizures, and at age 8 mo EEG showed diffuse spike-and-wave activity with background suppression. Computed tomography was normal. Brain MRI showed no structural abnormalities but mild delay in myelination. Diffusion-weighted imaging showed increased signal intensity in the internal and external capsules and the subcortical white matter; apparent diffusion capacity was restricted [33] .
Diagnosis
SSADH deficiency
A diagnosis of SSADH deficiency should be considered in cases of a slowly progressive or static encephalopathy with late-infantile to early-childhood onset and the aforementioned primary clinical features, particularly expressive language delays with hyporeflexia, ataxia, and fine motor incoordination.
The most reliable laboratory test findings are on urine organic acid analysis, specifically gas chromatography mass spectrometry. The finding of GHB on urine organic acid analysis (100-1200 mmol/mol creatine [normal, 0-7 mmol/mol creatinine]) suggests SSADH deficiency, and the combination of this finding with 4,5-dihydroxyhexanoic acid (free acid and internal threo-and erythro-lactones) appears pathognomonic for SSADH deficiency. 4,5-dihydroxyhexanoic acid appears to derive from condensation of accumulated succinic semialdehyde with a 2-carbon moiety derived from the pyruvate cycle [49, 50] . Other metabolites in urine associated with GHB include D-2-hydroxyglutarate (deriving from the action of D-2-hydroxyglutarate transhydrogenase, an NAD+-independent enzyme which utilizes GHB), as well as putative metabolites of GHB such as 3-oxo-4-hydroxybutyric acid and the tetronic acid 3,4-dihydroxybutyrate [50] . Urine organic acid analysis should be considered in patients whose developmental delays or neuropsychiatric disturbances are of unknown etiology.
Plasma findings in SSADH deficiency include 4-hydroxybutyric acid (35-600 micromol/L [normal, 0-3 micromol/L]) and low SSADH enzyme activity in lymphocytes (less than 5% compared with controls). Findings in CSF include 4-hydroxybutyric acid (100-850 micromol/L [normal, 0-2 micromol/L]), elevated GABA with neurotransmitter measurement, and potential elevation of homocarnosine and carnosine (beta-alanine and Lhistidine dipeptide).
Clinical molecular genetic testing of the ALDH5A1 gene can confirm the diagnosis. In a report of 54 families, sequence analysis identified variants in 97% [51] . A novel 34-bp insertion in exon 10, identified through deletion/duplication analysis, resulted in a frameshift mutation in which a truncated SSADH protein lacked 50 amino acids in the C-terminus [52] . One-third of patients with SSADH deficiency have normal EEGs. As for the other twothirds, EEG shows background slowing and spike discharges, usually generalized [39] . A report of two family members heterozygous for SSADH deficiency included EEG findings of generalized spike-wave discharges, photosensitivity, and absence and myoclonic seizures [53] . Electrographic status epilepticus of slow wave sleep occurs rarely, as does photosensitivity.
Symmetrically increased T2-weighted signal on cranial MRI appears in a pallidodentatoluysian pattern involving the bilateral globus pallidi, cerebellar dentate nuclei, and subthalamic nuclei [22] , but asymmetric or partial involvement can also occur. Other reports locate T2-hyperintensities in subcortical white matter and the brain stem, as well as findings of cerebral atrophy, cerebellar atrophy, and delayed myelination [54, 55] .
GABA-T deficiency
Diagnosis of GABA-T deficiency relies on measurement of CSF amino acid concentrations. One challenge in the diagnosis may be that the invasiveness of the necessary testing leads to attenuated diagnostic yield. The major diagnostic sign is elevated free GABA in CSF; CSF beta-alanine is also elevated. There is no CSF elevation of gamma-hydroxybutyric acid. Serum may show elevated GABA and beta-alanine, and possibly elevated carnosine. However, the sibling of the index case had normal plasma amino acid concentrations. Proton magnetic resonance spectroscopy has detected a significant increase of in vivo GABA concentration in the basal ganglia [33] . Pharmacologic administration of vigabatrin, which reproduces the biochemical profile of GABA-T deficiency, produces MRI signal abnormalities characterized principally by T2-weighted hyperintensity maximally involving the basal ganglia, thalami, and brainstem [56, 57] .
In the index patient, an A-to-G transition at nucleotide 754 of the human GABA-T gene was identified in lymphoblast cDNA (c.754A>G), resulting in substitution of an invariant arginine at amino acid 220 by lysine (p.Arg220Lys). This mutation results in destabilization of the binding of pyridoxal-5'-phosphate to GABA-transaminase, which is required for the transamination of GABA to succinic semialdehyde. The second allele in this patient was later identified as c.1433T>C, causing the substitution p.Leu478Pro [46, 58] .
The unrelated patient was also a compound heterozygote, with a missense mutation c. 275G>A and a deletion of nucleotides 199 to 316 of the GABA-transaminase coding region [32] . Metabolic acidosis is absent in both GABA-T and SSADH deficiencies.
Differential diagnosis for SSADH
The differential diagnosis for SSADH deficiency includes homocarnosinosis, but an enzyme defect has not yet been conclusively proven in the single reported case [14] and it may instead represent a variant form of carnosinase deficiency. Similar bilateral signal abnormalities in the globus pallidi on MRI may be observed in other organic acidurias, such as methylmalonic aciduria, mitochondrial disorders, pantothenate kinase-associate neurodegeneration, and neuroferritinopathy. Leigh syndrome, kernicterus, liver failure, and neonatal hypoxic-ischemic encephalopathy show similar evidence of subthalamic nucleus involvement on MRI [59] . However, metabolic stroke, megalencephaly, episodic hypoglycemia, hyperammonemia, and acidosis are not usually associated with SSADH deficiency, despite their association with other metabolic encephalopathies and some other organic acidurias [40] .
The presence of GHB in urine, the key laboratory screen in SSADH deficiency, may in fact be due to other disorders and possibly due to the use of GHB as a drug of abuse and in other settings [60] . False elevations of GHB have been noted in individuals from whom urine was obtained using Coloplast SpeediCath catheters, which have been found to have high GHB concentrations [61] . GHB is also used as pharmacotherapy for narcolepsy with cataplexy. Nonetheless, if the finding is repeated on urine organic acid analyses and associated with suggestive clinical signs and symptoms, then molecular diagnostic studies are warranted to corroborate the diagnosis.
Differential diagnosis for GABA-T deficiency
The differential diagnosis for GABA-T deficiency should take into account a reported patient in whom increased CSF and plasma GABA levels were associated with hyper-betaalaninemia [60] ; however, the CSF beta-alanine concentrations in the latter patient were significantly higher than those found in the index patient with GABA-T deficiency. Other factors in the clinical and metabolic presentations differed as well, but the possibility remains that GABA-T deficiency and hyper-beta-alaninemia are variants of one another.
Although a number of other disorders share certain clinical features with GABA-T deficiency (e.g. globoid cell leukodystrophy, cerebral gigantism, Pelizaeus-Merzbacher disease), the significant elevations of GABA and beta-alanine in CSF remain the key findings that distinguish GABA-T deficiency [61] .
Diagnostic issues
If a disease-causing mutation of either of these disorders has been identified in a family, prenatal diagnosis is possible through amniocentesis (measurement in amniotic fluid of GHB for SSADH deficiency, or potentially of GABA and beta-alanine for GABA-T deficiency) or chorionic villus tissue and cultured amniocytes (measurement of SSADH or potentially GABA-T enzyme activity).
Forni et al. [62] demonstrated feasibility of dried blood spot testing for GHB within newborn metabolic screenings for earlier diagnosis of SSADH deficiency. However, late diagnosis remains a concern, as the non-specific clinical phenotype has led to adult patients being undiagnosed for decades [63] .
Management
Evaluations
The following evaluations should be performed after diagnosis in order to provide baseline data as well as to guide the selection and efficacy of treatment options: a. Regular neurological and developmental assessments are recommended to determine the nature and extent of the motor and cognitive delays, and to monitor for changes that might indicate treatment effectiveness or worsening of the underlying etiology.
b. Neuroimaging (MRI). Although the encephalopathy is generally static, the possibility of slow progression is associated with these disorders, thus warranting baseline brain imaging and repeat imaging in cases of worsening deficits.
c. EEG. The majority of patients with SSADH deficiency, and all patients with GABA-T deficiency, experience seizure activity, which can be severe. Seizures may develop after the onset of other symptoms. In the index case of GABA-T deficiency, EEG was normal at 2 wk of age but by the age of 2 yr showed generalized epileptiform paroxysms.
d. Genetic counseling is recommended given autosomal recessive inheritance, and to offer the potential for prenatal diagnosis.
SSADH management
Adults with SSADH deficiency will require some degree of supervision, and thus long-term management focuses on assistance with activities of daily living so that patients may live as independently as possible. A database of 112 patients includes 41 individuals age 18 yr and older. Of these, 27 (66%) have epilepsy, typically with generalized convulsive and nonconvulsive seizures. Sudden unexpected death has been reported [64] , as well as progressive worsening with accelerating convulsive seizures and dementia up to age 63 yr [63] . Neuropsychiatric complications and sleep disturbances are commonly noted. Anxiety and obsessive-compulsive disorder appear especially prominent and at times disabling in adolescence and adulthood.
GABA-T deficiency management
In GABA-T deficiency, the index family patients died at 1 and 2 yr of age; the unrelated patient was alive at 28 mo of age. Most therapeutic interventions have aimed to provide symptomatic treatment of motor difficulties and seizures. The inborn error in this disorder may be lethal in utero or before metabolic diagnosis can be made in the neonatal period.
Treatment
At this time, no effective pharmacological strategies exist to address the underlying deficiencies. The major goal of treatment is therefore phenotypical management of the most disabling symptoms, i.e. seizures and neurobehavioral disturbances, especially obsessivecompulsive and anxiety disorders in SSADH deficiency. Pyridoxine (up to 3 × 1 g/d) and picrotoxin (up to 0.12 mg/kg per day) have been attempted in the index case of GABA-T deficiency without evidence of improvement.
The epilepsy of SSADH deficiency is usually characterized by generalized epileptiform EEG discharges which guides antiepileptic drug therapy to a limited extent. Patients have responded to lamotrigine and carbamazepine, despite the voltage-sensitive sodium channel blockage effects occasionally associated with exacerbation of generalized seizures. Vigabatrin, an irreversible inhibitor of GABA-transaminase, has been prescribed for seizure control in SSADH [64] ; however, the results are inconsistent [65] . In one uncontrolled, nonblinded trial of vigabatrin, plasma GHB concentrations decreased in two pediatric patients and verbal communication improved in one [66] . In a similar trial, slow clinical improvement, which was not inconsistent with the natural history of SSADH deficiency, was seen in one child on vigabatrin [67] . Vigabatrin led to seizures in one individual for whom lamotrigine was successful [68] . This inconsistency may be due to a limited effect of vigabatrin on peripheral GABA-T, with the resulting peripheral GHB resupplying the brain and decreasing the drug's effectiveness [69] , in addition to increased GABA levels secondary to vigabatrin effect [70] . Improved understanding of the long-term effects of vigabatrin intervention in patients with infantile spasms may provide insights into the defects of GABA metabolism that are associated with increased central nervous system GABA.
Although magnesium valproate treatment controlled refractory epilepsy in a single SSADHdeficient patient, who then remained seizure-free for a year, showing improved behavior and EEG findings [71] , valproate may inhibit residual SSADH enzyme activity and therefore is generally avoided, at least as a first-line agent [72] .
Following an initial anecdotal report of improvement in development with taurine, an open label trial did not result in significant improvement in adaptive behavioral domains [73] . Methylphenidate, risperidone, fluoxetine, thioridazine, and benzodiazepines when administered at standard dosages have demonstrated to be effective therapies for inattention, aggressiveness, and anxiety [74] .
Nonpharmacologic interventions include physical and occupational therapies to assist patients with gaining and maintaining strength, endurance, balance, fine motor skills, feeding, and sensory integration. Speech and communication therapy is also advised to improve articulation and provide alternative communication modalities.
Future directions for biomarkers, therapy, and clinical trials
New insights into GABA-related biology have burgeoned from studies of SSADH and reports of GABA-T deficiencies, expanding our understanding of GABA past its role as an inhibitory neurotransmitter. In addition, these two disorders provide opportunities to reform fundamental questions regarding epileptic mechanisms [12] . The paucity of GABA-T deficient patients suggests we are still defining the GABA-T deficient phenotype, but existing reports beget a foundation for further investigations.
The murine knockout model of SSADH deficiency has provided valuable information on pathomechanisms associated with human SSADH deficiency and the neurophysiological consequences of a hyperGABA-ergic state. Preclinical pharmacotherapeutic studies in this model have evolved into two ongoing-clinical trials [73] , and planning for additional trials is in progress.
Positron emission tomography, showing decreased flumazenil binding indicative of GABA-A receptor activity [75] , and transcranial magnetic stimulation, showing significant shortening of the cortical silent period and reduced long interval intracortical inhibition indicative of decreased GABA-B neurotransmission [37] , have been used to provide biomarkers for clinical trials.
Several potential therapeutics are currently being investigated for SSADH deficiency. Taurine is being examined in a clinical trial, as is the GABA-B receptor antagonist, SGS-742 (www.clinicaltrials.gov; NCT01608178; NCT02019667). Targeted antioxidants, NCS-382 (or similar GHB receptor antagonists), and inducers of autophagy are also being considered to improve redox imbalances in patients, but more data in this area is necessary prior to the initiation of clinical trials [12, 20] .
In these disorders, long-term management must contend with diverse symptoms and various underlying mechanisms. For each of the manifestations, the extent of improvement that is possible may be miniscule, however combination therapies best address the complex clinical manifestation and offer maximum benefits to patients. The therapeutic relevance of prophylactic antioxidant therapy in SSADH deficiency is highlighted by the documented susceptibility of SSADH to disruption in the intracellular redox balance, as shown by Kim et al. [76] in the crystal structure of bacterial and human SSADH [16] . GABA metabolic pathway Table 3 Electroencephalography findings in patients with SSADH deficiency (n = 58)
EEG findings Number (%)
Normal electroencephalography 24
Abnormal electroencephalography 34 (59) Background abnormal/slowing 14
Spike discharges 13 (22) Electrographic status epilepticus during slow wave sleep 1
Photosensitivity 3
SSADH=Succinic semialdehyde dehydrogenase
